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INVESTIGATION OF REFRACTING.FLOWS FOR  ACOUSTIC SUPPRESSION 
By Denis  Sloan*,  Robert B. Purves 
and  Bannister W. Farquhar* 
t 
SUMMARY 
An e x p e r i m e n t a l  i n v e s t i g a t i o n  t o  d e t e r m i n e  t h e  p o s s i b i l i t y  o f  u s i n g  
r e f r a c t i n g  f l o w s  f o r  t h e  s u p p r e s s i o n  o f  a i r c r a f t  i n l e t  n o i s e  i s  d e s c r i b e d .  
Observat ions o f  wave r e f r a c t i o n  i n  d u c t  f l o w s  and  measurements o f  t h e  i n -  
crease i n  e f f e c t i v e n e s s  o f  a c o u s t i c  l i n i n g s  due t o  r e f r a c t i o n  have  suggest- 
ed  methods fo r  t he  des ign  o f  eng ine  i n le t  duc ts  wh ich  can  e i the r  suppress  
n o i s e  i n t e r n a l l y  o r  d i r e c t  i t  t o  where it causes l e s s  annoyance. 
INTRODUCTION 
Many t y p e s  o f  i n l e t  c o n f i g u r a t i o n s  have  been  proposed  which  would 
s u p p r e s s   t h e   e n g i n e   i n l e t   n o i s e   o f   c o m m e r c i a l   t r a n s p o r t   a i r c r a f t ;  Among 
t h o s e  a r e  i n l e t s  c o n t a i n i n g  a c o u s t i c  l i n i n g s  as w e l l  as i n l e t s  c o n t a i n i n g  
g r i d s ,  vanes, i n f l a t a b l e  l i p s ,  t r a n s l a t i n g  r i n g s ,  e t c .  w h i c h  can  be  gen- 
e r a l l y  c l a s s i f i e d  a s   s o n i c   i n l e t s .  However, t h e   n o i s e   r e d u c t i o n   a t t r i b u t -  
a b l e  t o  a c o u s t i c a l l y  l i n e d  i n l e t s  i s  n o t  as g r e a t  as d e s i r a b l e ,  w h i l e  t h e  
use o f  s o n i c  i n l e t s  w o u l d  be l i k e l y  t o  impose  unacceptable  performance 
p e n a l t i e s  due t o  t h e i r  w e i g h t  a n d / o r  a s s o c i a t e d  p r e s s u r e  r e c o v e r y  l o s s e s  
and d i s t o r t i o n  e f f e c t s .  More r e c e n t l y  ( r e f .  1 ) ,  a c o n c e p t  f o r  i n l e t  n o i s e  
suppression was d e s c r i b e d  w h i c h  u s e d  t h e  e f f e c t s  o f  wave r e f r a c t i o n  w i t h i n  
t h e  i n l e t  d u c t  t o  enhance t h e  e f f e c t i v e n e s s  o f  a c o u s t i c  l i n i n g s .  T e s t  
r e s u l t s  a t  model s c a l e  showed t h a t  t h i s  " r e f r a c t i n g  i n l e t "  had p o t e n t i a l  
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fo r  p r o v i d i n g  a useful  reduction i n  in le t  noise .  An al ternative applica- 
i t ion of refract ion effects  i n  
pattern of the radiated noise. 
es tabl ish a bias i n  the  d i rec t  
objective being t o  asymmetrica 
above the aircraf t  ra ther  than 
i 
1 
nlet design i s  to control the directivity 
This involves the use of wave refraction to 
on o f  propagation of the acoustic waves, the 
ly  radiate  more acoustic energy forward ~r 
towards the ground. 
The u t i l i za t ion  of acoustic wave refraction in inlets offers several  
d i s t i nc t  advantages over alternate methods such as acoustic linings or high 
Mach number in l e t s .  Compared t o  conventional  lined  inlets, wave refraction 
could increase acoustic lining effectiveness o r  substant ia l ly  change the 
in l e t  d i r ec t iv i ty  with l i t t l e  penalty in the inlet aerodynamic performance, 
length, o r  weight.  Also, an acoust ical ly  refract ing inlet  offers  the pos- 
s i b i l i t y  of a f ixed inlet  geometry, a t ra i t  lacking in  most sonic  inlet  
concepts. 
The present work describes the results o f  an experimental program t o  
obtain information on the use  of refracting flows for acoustic suppression. 
The program i s  comprised of two phases. 
In Phase I ,  the behavior of weak shock waves propagating upstream 
against a duct  flow were observed usi.ng Schlieren photography.  Various 
wall l iners  or flow dividers were installed in the duct t o  generate the 
flow conditions of i n t e re s t .  This phase of the program was divided into 
four parts.  The objective of Par t  1 was t o  determine  the  relationship 
between the amount of refraction and the shape  of the wall contour.  Parts 
2 and 3 examined the influence of the profiles of simulated inlet config- 
urations on the direction of propagation of waves leaving the inlet. The 
P a r t  2 configurations were symmetrical a b o u t  the centerline and the Pa r t  3 
configurations were nonsymmetrical. In Pa r t  4 ,  some basic  information 
concerning the required length o f  refracting inlet  configurations was ob- 
t a i  ned. 
2 
Phase I1  was  an  investigation  to  determine  the  influence of refraction 
on the  effectiveness of acoustic  linings.  The  experiment  was  conducted 
using  an  Acoustic  Flow  Duct  facility  in  which  suitably  contoured  walls  were 
installed  to  generate  the  required  flow  conditions. A range  of  acoustic 
lining  materials  were  located  along  the  duct  walls.  Results  show  the 






















approach length ratio (length of the duct upstream o f  the con- 
traction section divided by the t h r o a t  height for configurations 
N4-01 t h r o u g h  N4-06) 
velocity of sound 
contraction r a t i o  (upstream duct height o r  distance between 
hi l i tes  divided by t h r o a t  height) 
t h r o a t  height 
duct height upstream of contraction 
distance 
wave  number 
contraction 1 ength 
contraction length r a t i o  (contraction length divided by t h r o a t  
height) 
Mach  number 
mean  Mach  number a t  the t h r o a t  
par t ic le  Mach  number 
resistance 
distance along the duct or reactance 
distance across the duct 
acoustic impedance 
angular deviation of the direction o f  wave propagation 
density of a i r  
insertion loss 
sound pressure level 
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PHASE I :  OBSERVATIONS OF WAVE BEHAVIOR  INEFRACTING FLOWS 
General Description 
This phase of the program was  an experimental investigation to observe 
the behavior of waves i n  flows similar to those which can be generated in 
a i r c r a f t  gas turbine engine inlets.  Because  of the  d i f f icu l ty  o f  observing 
acoustic waves using optical methods, the b u l k  of the observations were 
conducted using weak shock waves produced by the discharge of a spark 
across electrodes located in the flow. The behavior of these waves was 
recorded photographically using a Schlieren apparatus and variable time- 
delay generator as they propagated against the flow in a duct. The flow 
conditions of i n t e re s t  were generated by using various wall contours in the 
tes t  sec t ion  o r  by locating flow dividers across the duct. 
The Test Facility 
A schematic of t h e  t e s t  f a c i l i t y  i s  shown in figure 1 .  Air was drawn 
in to  the  tes t  sec t ion  from the atmosphere t h r o u g h  a bellmouth ( n o t  shown) 
and ducted t o  a vacuum pump downstream. The duct cross-section was 102 x 
102 sq mm and 609 mm long, having glass sidewalls, and had the capability 
for  inserting contoured l i ne r s  along b o t h  the upper and lower surfaces o r  
fo r  locating flow dividers across the entire w i d t h  of  the duct between the 
glass  sidewalls.  Static  pressure  taps  located a l o n g  the upper and lower 
surfaces were used t o  determine  the flow conditions. The electrodes of  the 
spark discharge system were located at  the center  of  the duct 150 mm down- 
stream of the tes t  sect ion and the shock waves were generated by the dis- 
charge o f  a 5 LIF capac i tor  a t  8000 v across the 3 - m  gap separating the 
electrodes. After a selected time delay of u p  t o  several mil 1 iseconds, the 
spark light source of the 150-mm-diameter Schlieren system was discharged 




Schematic of the test  section for part 1 of phase I (pressure  taps a t  X = 0.025,  0.229,  0.419,0.584 rn) n 
Flow I 
I ____t I 
\ / 
\ / 1 
I \ 
' .--Y Liner , 
Viewing area of Spark 
schlieren  apparatus  discharge 
Schematic of the tes t  
section for parts 2, 3 & 4 of phase I 
(pressure  taps  on both walls a t  X = 
0.025,  0.102,  0.152, 0.203, 0.254, 0.305, 0.406, 0.508 m )  
, 
\ 0 '"/"Y U Flow Dividers 
4 0.61 rn 
Figure 1. Schematic of the Test Section for Phase I 
Model Des i gn 
T h i s  phase of the program was divided into four parts, each part  u s i n g  
different  arrangements o f  wall l iners  or  flow dividers. The general i n -  
s t a l l a t ion  i s  shown schematically i n  figure 1 ,  w i t h  the de t a i l s  of the 
l i ne r s  and dividers shown i n  f igures 2 through 7. 
Part  1 .--Seven configurations (designated N1-01 through N1-07) were 
used i n  th i s  part of the investigation and are  shown i n  f igures  2(a)  and 
2(  b ) .  The throa t  was located a t  the same position of the duct for each 
configuration, and i n  every case the contraction portion of the contour was 
described by a cubic  curve. Downstream of the throat,  the flow  discharged 
to  the pump through a gent le  diffuser  fa i red smoothly a t  the throat .  Both 
the contraction ratio,  DR (upstream duct h e i g h t  divided by throat height),  
and the contraction length ratio,  LR (contraction length divided by throat  
height)*, are indicated on f igures  2(a)  and 2 ( b ) .  
In addition to the above  seven configurations, two other configura- 
t ions were tes ted and a re  shown i n  f igure  3(a) .  These  were designated N 1 -  
03-A and N1-04-A and  had identical contours to configurations N1-03 and N1- 
04, respectively. However, these  configurations  also  contained a  Hartmann 
whistle located downstream of the throat and midway across the duct, which 
was designed to generate high-intensity acoustic waves i n  the vicinity of 
22 kHz. Details of the Hartmann whistle are shown i n  f igure 3(b)  w i t h  the 
underexpanded j e t  flow discharging into a  cup containing a s tab i l iz ing  
needle.  Information on the  operation  of  the Hartmann whistle i s  contained 
i n  references 2 and 3. A flush-mounted  microphone was located i n  the wall 
of t he  duc t  t o  f ac i l i t a t e  t u n i n g  of the whistle ( t h i s  was accomplished by 
varying the location of the cup i n  the j e t  flow until the sound pressure 
level recorded by the microphone was a maximum). 
*Because only one wall was l ined i n  configurations N1-01 through N1-06, the 
effective throat height used to  ca lcu la te  L was twice that shown i n  f i g -  






Config N1-01 LR = 1.15 
D~ = 1.23 
102 rnm 
82.6 rnrn 
I - x  
Config  N1-02 LR = 0.60 





t 5O . . " -. . 
t 
A X  
4 Config  N1-03 LR = 1.50 D R  = 1.60 
63.5 rnm 
102 mrn i 
5O 
A X  
O m  0.601 rn 0.419 rn 
The 5' diffuser is  faired smoothly a t  the throat 
Figure 2(a). Test Configurations NASI - 14187 Phase I - Part 1 (Cont'd) 
8 
A A Config N 1-04 LR = 0.60 
63.5 mm 
D R =  1.60 
102  mm 1 '  5O 
1 1  I 
t ~ I ~ ~~ 
' - X  
A Config N1-05 LR = 1.87 50.8 mm DR = 2.00 
102  mm 
5O 
I I Y t 
- I .  
- 
A Config N1-06 
50.8  mm 
LR = 0.60 
5O 
D R =  2.00 




LR = 0.60 
DR = 1.60 I Config N1-07 102  mm  63.5  mm 5O i ' - x  
0.610  0.4  19 0 
Meters 










whistle 7 Microohone 
I 102 mm 7' 63.5 mm \\ Config N1-04-A 
I / 
t I /  I I I 
0.6 10 0.508 0.4C 
.^ - .,.A 
h O m  16 0.305 0.20s u. I U L  y 
Meters \ 
The contour of config  N1-03-A was identical to that of config N1-03. 
The contour of  config  N1-04-A was identic31 to that  of  config N1-04. 
Figure 3(a). Test Configurations NASI- 14187 Phase I - Part 1 (Cont'd) 
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Do = 2.4 rnm dia. 



















12.7  mm 
12.7  rnm 
Profile P-06 
178 rnrn long x 102 rnm wide - - 
C 
-i rnm 
-7 r """ mm 
-I i-12.7mrn 
'-7 i- 25.4  mm 
25.4  mrn 
Diffuser section - L 7 
The leading edges of profiles P-01, P-03 & P-06 were circular. 
The leading edges of profiles P-02, P-04 & P-05 were elliptical. 
Each linear diffuser section was faired  smoothly with the leading edge. 





Profile P- 10 
19.1 mm t \ 12.7 mm \ 
Profile P-11 
. .  
19.1 rnrn zc 12.7 mm I!+> - 
m 
N 2 
Profile P-12 N c 
19.1 mm - 
7 I 
E t   






w .- F g  
"~ b 
Diffuser section 
The leading edge of each profile was a 2 : l  ellipse. 
Each approach section was a cubic curve a t  mean slope 1:14. 
Each contraction section was a cubic curve. 
The linear diffuser section was faired smoothly with the  contraction section. 
Figure 4(b/. Flow Divider Profiles for Part 4 of Phase I - NASI- 14 187 
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I N2-01 I P-03 I r 
25.4 rnrn 




jN 2-04 0 L c C 5 .- .- 
305 203 102 0 
Millimeters 
- - .- 
5 
. I I P-06 
305 203 102 
Millimeters 
0 
Figure 5. Configurations for Part 2 of Phase I, NASI- 14 187 
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tX4 N3-02 
P-0 1  
I P- 05 I 
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,102 r N3-06 P-03 P-03 P-03  12.7 mrn 
L I I 












I P-08 I 
P-09 I 
305  203  102 0 
Millimeters 
L 




P- I  1 
m 
I '  
 
r .- 
I O  
Millimeters 
Figure 7. Configurations for Part 4 of Phase I 
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Part 2.--Nine configurations designated N2-01 through N2-09 were 
tested i n  th is  part of the investigation. Each of these contained either 
two or  th ree  flow dividers- installed across the fu l l  w i d t h  of the duct 
between the glass sidewalls. The de ta i l s  of the divider contours, labeled 
P-01 through P-06, a re  shown i n  f igure 4(a) ,  and the arrangements of these 
d i v i d e r s  i n  each of the nine configurations are shown i n  f igure 5. The 
total  h e i g h t  of the flow area between the dividers was 25.4 mm a t  the 
throat  and opened up t o  50.8 mm a t  the t r a i l i ng  edge. 
Part 3.--The six configurations N3-01 th rough  N3-06 tested in this  
part of the investigation are shown i n  f igure 6  and are  comprised of dif- 
ferent  combinations of  the flow  dividers shown i n  f igure 4(a) .  For each 
configuration, the total height of the flow area between the  a i r fo i l s  was 
25.4 mm a t  t he  th roa t  opening u p  t o  50.8 mm a t  the t r a i l i ng  edge. 
Part 4.--The de ta i l s  of the flow dividers P-07 t h r o u g h  P-12 used in 
th i s  pa r t  o f  the  tes t  a re  shown in figure 4( b )  , and the arrangements o f  
these dividers i n  the six configurations N4-01 th rough  N4-06 are  shown in 
figure 7 .  
Test Conditions and Objectives 
I n  each part  of  Phase I ,  the motion of the spark-generated shock wave 
moving upstream against  the flow was recorded photographically using the 
Schlieren  apparatus. Each o f  the four  parts of Phase I had d i s t inc t  and 
separate objectives, which are described below. 
17 
Par t  1 . - -P rev ious  work  ( re f .  1 )  . has  demons t ra ted  tha t  s ign i f i can t  re -  
f rac t i on  e f fec ts  can  be  p roduced  i n  f l o w f i e l d s  r e p r e s e n t a t i v e  o f  t h e  i n l e t  
f l o w  i n  a i r c r a f t  gas turb ine engines.  The scope o f  t h i s  work was no t  b road 
enough,  however, t o  p r o v i d e  t h e  b a s i c  i n f o r m a t i o n  needed t o  d e s i g n  i n l e t s  
w h i c h   u t i l i z e   r e f r a c t i o n   e f f e c t s .   C o n s e q u e n t l y ,   t h e   o b j e c t i v e   o f   P a r t  1 o f  
t h i s  i n v e s t i g a t i o n  was t o  p r o v i d e  s u f f i c i e n t  d a t a  t o  r e l a t e  t h e  l e v e l  o f  
r e f r a c t i o n  t o  t h e  f l o w  c o n d i t i o n s  w h i c h  c a u s e  t h e  r e f r a c t i o n .  F o r  c o n v e n -  
ience, a l l  t h e  v e l o c i t y  g r a d i e n t s  i n  the  f low were  genera ted  us ing  cub ic  
c o n t r a c t i o n  p r o f i l e s ,  w h i c h  made it p o s s i b l e  t o  r e l a t e  t h e  l e v e l  o f  r e f r a c -  
t i o n   t o   t h e   c o n t r a c t i o n   r a t i o ,  D and l e n g t h   r a t i o ,  L R ,  d e s c r i b i n g   t h e  
contour .  The v a l u e s  o f  DR and L R  f o r  t h e  seven c o n f i g u r a t i o n s  a r e  t a b u -  
l a t e d  below. 
R '  
- .~ 
0.60  1.87  1.50 1.15 
2 .oo 
1.60 
N1-05 X X N1-06 
." . - - . - " 
N1-04 
N1-07 
X X N1-03 
1.23 X X N1-01 N1-02 
. .~ - . 
The v a l u e s  o f  LR and DR fo r  these conf igura t ions  were  cons idered 
s u f f i c i e n t  t o  c o v e r  t h e  r a n g e  w h i c h  may conce ivab ly  be used i n  an a c t u a l  
i n l e t  d e s i g n  ( d u e  t o  l i m i t a t i o n s  on i n l e t  l e n g t h  and n a c e l l e  d i a m e t e r  t o  
r e s t r i c t  w e i g h t  and drag) .  The c o n f i g u r a t i o n s  N1-04 and N1-07 were  geo- 
m e t r i c a l l y  s i m i l a r ,  b u t  as  can be seen i n  f i g u r e  2 ( b ) ,  t h e  c e n t e r l i n e  o f  
c o n f i g u r a t i o n  N1-07 was e f f e c t i v e l y  r e p l a c e d  b y  a s t r a i g h t  w a l l  t o  f o r m  
c o n f i g u r a t i o n  N1-04. Therefore,  i t  was i n t e n d e d   t h a t  a comparison o f  t h e  
r e s u l t s  o f  t h e s e  two c o n f i g u r a t i o n s  c o u l d  be used t o  assess the in f luence 
o f  b o u n d a r y  l a y e r  g r o w t h  o n  t h e  o b s e r v e d  r e f r a c t i o n  e f f e c t s .  Each o f  t h e  
c o n f i g u r a t i o n s  was tes ted  a t  nomina l  mean Mach numbers i n  t h e  t h r o a t  o f  
0.40,  0.55,  and  0.70, the   exac t   va lues   be ing  shown i n  t a b l e  1 t o g e t h e r  w i t h  
t h e  Mach number o f  t h e  approach f low i n  t h e  u p s t r e a m  p a r a l l e l  p o r t i o n  o f  
the  duc t .  
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0.71 1 0.53 0.55 .4  
0.41 I 0.33 
Shock wave 
photographs 
. ., . __ . J . - - _ I  
A01 4  0.72  0.54  Shock wave 
A01 5 0.55  0.44  photographs 
/XI; I 0.72  0.39  Shock wave 0.56  0.33 photographs A023 0.41  0.26 
A029 I 0.70  0.39 Shock wave 
A031 1 0.41  0.26 
1 
~ - - - ". 
" " -  
0.54  0.32 photographs 1 
" 
Shock wave 
A037 0.58  photographs 
A038  0.41 
A043 0.71 0.28  Shock wave 
A044 0.56 0.25  photographs 
A045 0.41 0.19 
A050 0.68  Shock wave 
A052 
HW004 Acoust ic  wave 
HW005 0.26 photographs 
HW006 0.32 
HW007 0.37 
HW009 0 0 Acoust ic  wave 
HWOlO 0.41 0.25 photographs 
HWOl1 0.56 0.33 
HWOl2 0.68 0.38 
". i ~ 
photographs 
. .  . 
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Because some d o u b t  h a d  b e e n  r a i s e d  c o n c e r n i n g  t h e  v a l i d i t y  o f  u s i n g  
the  observed behav io r  o f  the  shock  wave t o  d e s c r i b e  t h e  b e h a v i o r  o f  a c o u s -  
t i c  waves, two o f  t h e  c o n f i g u r a t i o n s  were  se lec ted  to  obse rve  the  mo t ions  
o f  t r a i n s  o f  a c o u s t i c  waves generated  by a Hartmann  whi.stle. As shown i n  
t a b l e  1 ,  t hese  con f igu ra t i ons ,  N1-03-A and N1-04-A, were  tes ted  a t  nomin-  
a l l y  t h e  same c o n d i t i o n s   a s   t h e   c o n f i g u r a t i o n s  N1-03 and N1-04. The behav- 
i o r  o f  t h e  a c o u s t i c  waves was reco rded  pho tog raph ica l l y  us ing  the  Sch l i e ren  
apparatus.  
P a r t  2 . - - T h e  o b j e c t i v e  i n  t e s t i n g  c o n f i g u r a t i o n s  N2-01 through N2-09 
was t o  d e t e r m i n e  t h e  e x t e n t  t o  w h i c h  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  o f  waves 
l e a v i n g  t h e s e  s y m m e t r i c a l  s i m u l a t e d  i n l e t  c o n f i g u r a t i o n s  was i n f l u e n c e d  b y  
t h e   f l o w   c o n d i t i o n s   g e n e r a t e d   b y   t h e   d i v i d e r   p r o f i l e s .  As shown i n  f i g u r e  
4 ( a ) ,  t h e  l e a d i n g  edge o f  each p r o f i l e  was e i t h e r  c i r c u l a r  o r  e l l i p t i c a l ,  
w h i c h  p e r m i t t e d  e a c h  o f  t h e  c o n f i g u r a t i o n s  shown i n  f i g u r e  5 t o  be d e s c r i b -  
ed  by a c o n t r a c t i o n  r a t i o ,  DR ( d i s t a n c e  b e t w e e n  t h e  h i l i t e s *  d i v i d e d  b y  t h e  
t h r o a t  h e i g h t )  , and a l e n g t h  r a t i o ,  LR ( t h e  a x i a l  d i s t a n c e  f r o m  t h e  t h r o a t  
s e c t i o n  t o  t h e  h i l i t e *  s e c t i o n  d i v i d e d  b y  t h r o a t  h e i g h t ) .  The range  of 
values of  DR and LR fo r  con f igura t ions  N2-01 through N2-05 i s  shown below. 
0.25 1 .oo 0.50 
2.00 X N2-05 X 
I I 
1.50 N2-01 N2-03 N2-02 
1.25 X N2-04 X 
The rema in ing  con f igu ra t i ons ,  N2-06 through N2-09, were a lso symmetr i -  
c a l  a b o u t  t h e  c e n t e r l i n e  o f  t h e  d u c t ,  b u t  c o n t a i n e d  a t h i r d  d i v i d e r  midway 
between t h e  o u t e r  two, which was r e p r e s e n t a t i v e  o f  a c o n t o u r e d  i n l e t  c e n -  
terbody.  The values  of  DR and LR based on t h e  12.7-mm separat ion  between 
t h e  f l o w  d i v i d e r s  a r e  shown below. 
*The " h i l i t e "  l o c a t i o n  was a t  t h e  nose o f  each f l o w  d i v i d e r .  
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Outer Dividers Center Di vi der 
Configuration DR LR D R  L R  
~ _ _ _  i .  "- "" - 
N2-06 r-52.. 2.0 
N2-08 r 2.0 [-2-05-1 2.0
0.5 2.0~ -1;- - 2.0 N2-07 2.0 
1 .o 1.5 
2.0 
- . .. 
~-~ .. _ "  . _ _  "" _" 
___ .. - _ _  __. - . ~  - . .- . ?" "_" " ~ "  i 
N2-09 p.5 I l . O ] _ l  2.0 2.0 " . ~ -- -~ 
Because of the low curvature of the outer dividers i n  the throat 
region of configurations N2-06 and N2-07, i t  was  hoped t h a t  resu l t s  from 
these configurations would provide examples of  how waves could be propa- 
gated  along or even across the centerline. Conversely, because o f  the low 
curvature of the inner dividers of  configurations P12-08 and N2-09, i t  was 
intended t h a t  these resul ts  would demonstrate how waves could be propagated 
away from the axis o f  a centerbody in l e t .  
Each of these configurations was r u n  a t  nominal mean  Mach numbers of 
0.4 t o  0.8 in 0.1 increments, the precise values being shown in table 2. 
Also shown are the values o f  the approach Mach number in the parallel sec- 
tion o f  the duct upstream of  the flow dividers.  
Part 3.--The objective in testing the configurations N3-01 t h r o u g h  N3- 
06 was t o  determine which types of  divider contour would generate flow con- 
dit ions to cause the waves t o  be refracted in a specified direction away 
from the duct centerline. Thus,  each  of the configurations shown in figure 
6 was expected t o  refract  the waves towards the upper wall of the duct. 
The lower dividers of configurations 143-01, N3-02, and N3-03 were identical 
and the leading edges  of  the upper prof i les  were c i rcu lar  a rcs .  Configura- 
t ions N3-04 and N3-05 were tested t o  determine the extent to which shorten- 
ing o f  the leading edge of the lower divider changed the direction of prop- 
agation by influencing  the  flowfield i n  the  throat  region. The r e su l t s  
from configuration N3-06 were required to demonstrate how a centerbody i n -  
l e t  could also be used t o  re f rac t  waves in a selected direction. 
21 
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The v a l u e s  o f  t h e  c o n t r a c t i o n  r a t i o ,  D R Y  and t h e  l e n g t h  r a t i o ,  LR, f o r  
each c o n f i g u r a t i o n  a r e  t a b u l a t e d  b e l o w .  
Upper D i v i d e r  Lower D i v i d e r  
Con f igu ra t i on  
143-01 1 .o 1.5 0.5 2.0 
N3-02 1 .o 1.5 0.25 1.5 
N3-03 1 .o 1.5 0.125 1.25 
N3-04 0.5 1.5 0.25 1.5 
N3-05 0.5 1.5 0.125 1.25 
N3-06 S t r a i g h t  0.5 2.0 
Each o f  t hese  con f igu ra t i ons  was t e s t e d  a t  t h r o a t  mean Flach numbers 
nomina l l y  f rom 0.4 t o  0.8 i n  0 .1  inc rements  w i th  the  exac t  va lues  shown i n  
t a b l e  3, t oge the r  w i th  the  approach  Mach number i n  t h e  p a r a l l e l  s e c t i o n  o f  
t h e  d u c t .  
P a r t  4.--The s i x  c o n f i g u r a t i o n s  N4-01 through N4-06 shown i n  f i g u r e  7 
were t e s t e d  t o  examine t h e  e f f e c t s  o f  v a r i a t i o n  i n  t h e  " a p p r o a c h  l e n g t h  
r a t i o "   o f   c o n f i g u r a t i o n s   r e s e m b l i n g   r e f r a c t i n g   i n l e t s .  The r e f r a c t i n g   i n -  
l e t  has  been  described i n  r e f e r e n c e  1,  where t h e  " a p p r o a c h  l e n g t h  r a t i o ' '  i s  
t h a t  s e c t i o n  o f  t h e  i n l e t  d u c t  u p s t r e a m  o f  t h e  t h r o a t  r e g i o n  w h i c h  i n t e r -  
cepts  sound waves p r o p a g a t i n g   t h r o u g h   t h e   i n l e t .  The waves a r e  d i r e c t e d  
t o w a r d  t h i s  s u r f a c e  v i a  r e f r a c t i o n  b y  a p p r o p r i a t e  s e l e c t i o n  o f  t h e  w a l l  
c o n t o u r   t o   g e n e r a t e   t h e   r e q u i r e d   f l o w   c o n d i t i o n s   i n   t h e   t h r o a t   r e g i o n .   I n  
a n  a c t u a l  r e f r a c t i n g  i n l e t ,  t h e  e n e r g y  o f  t h e s e  waves would be absorbed  by 
a s u i t a b l e  a c o u s t i c  l i n i n g  m a t e r i a l .  The o b j e c t i v e  o f  t h i s  t e s t  was t o  
de termine  the   ex ten t  o f  t h e  wave impingement on the  upst ream  sur face.  The 
tab le  be low shows t h e  c o n t r a c t i o n  r a t i o ,  DR ( the  d is tance be tween the  
d i v i d e r s  a t  t h e  b e g i n n i n g  o f  t h e  c o n t r a c t i o n  d i v i d e d  b y  t h e  t h r o a t  h e i g h t ) ,  
t h e  c o n t r a c t i o n  l e n g t h  r a t i o ,  LR ( the  d i s tance  a long  the  cen te r l i ne  f rom 
24 
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t h e  t h r o a t  t o  t h e  b e g i n n i n g  o f  t h e  c o n t r a c t i o n  d i v i d e d  by t h e  t h r o a t  h e i g h t ) ,  
and  the  approach  leng th  ra t i o ,  AR ( the  approach ' leng th  d iv ided by  th roa t  
h e i g h t ) .  
C o n f i g u r a t i o n  DR LR AR 
N4-01 I 1.5 I 0.5 I 0 
N4-02  1.5 0.5 0.  
N4-03 1.5 1 .o  0.5 
N4-04 I 2.1 I 1.1 I 0 
N4-05  2.1 
2.2 1.1  2.1 
1.1  1.1 
N4-06 
- . "~. - 
. . 
Thus, i t  can  be  seen t h a t  t h e  c o n f i g u r a t i o n s  N4-01 through N4-03 had a 
common c o n t r a c t i o n  s e c t i o n ,  a s  d i d  t h e  r e m a i n i n g  t h r e e  c o n f i g u r a t i o n s .  
Each c o n f i g u r a t i o n  was t e s t e d  a t  n o m i n a l  mean  Mach numbers i n  t h e  t h r o a t  o f  
0.4 t o  0.8 i n  0 .1 increments,  wi th  the exact  va lues shown i n  t a b l e  4, 
t o g e t h e r  w i t h  t h e  Mach number o f  t h e  approach f low i n  t h e  p a r a l l e l  p o r t i o n  
o f  t h e  d u c t  u p s t r e a m  o f  t h e  f l o w  d i v i d e r s .  
Resu l ts  
P a r t  1 . - -F igures  8(a)  and 8(b)  show Sch l ie ren  photographs  o f  the  shock  
wave as i t  progressed  th rough  conf igura t ion  N1-06. I n  f i g u r e  8 ( a ) ,  t h e  
mean Mach number a t  t h e  t h r o a t  was 0.40 w i t h  t h e  f l o w  f r o m  l e f t  t o  r i g h t  
and t h e  shock wave t r a v e l i n g  f r o m  r i g h t  t o  l e f t .  The wave o f  i n t e r e s t  was 
a t  a l o c a t i o n  t o  t h e  l e f t  o f  t h e  number 18 i n  t h e  p h o t o g r a p h  and  can be 
seen t o  b e  a p p r o x i m a t e l y  v e r t i c a l  b u t  c u r v i n g  s l i g h t l y  t o w a r d s  t h e  w a l l  a t  
i t s  l o w e r  e x t r e m i t y .  T h i s  wave had  been o n l y  s l i g h t l y  i n f l u e n c e d  b y  t h e  
v e l o c i t y  g r a d i e n t s  i n  t h e  t h r o a t  r e g i o n  and was n o t  v i s i b l e  i n  t h e  shadow 
r e g i o n  o f  t h e  c o n t r a c t i o n  s e c t i o n  u p s t r e a m  o f  t h e  t h r o a t .  I t s  b a s i c  d i r e c -  
t i o n  o f  t r a v e l  remained  genera l l y   a long  the   duc t   ax is .  The o t h e r  d i s t u r -  
b a n c e s  w h i c h  a r e  v i s i b l e  i n  f i g u r e  8 ( a )  were  due t o  r e f l e c t i o n s  o f  t h e  wave 
26 
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Figure 8(a). Shock Wave Location  in  Configuration N 1-06 at M T ~  = 0.40 
Figure 8(b). Shock Wave Location in Configuration N 1-06 at M T ~  = 0.71 
f r om the  duc t  wa l l  as  it trave led  f rom the  sou rce  to  the  th roa t  reg ion ,  and  
a r e  o f  no i n t e r e s t  f o r  t h e  c u r r e n t  t e s t  o b j e c t i v e s .  I n  f i g u r e  8 ( b ) ,  t h e  
mean Mach number i n  t h e  t h r o a t  r e g i o n  was 0.71 , a g a i n  w i t h  t h e  f l o w  t r a v e l -  
i n g  f r o m  l e f t  t o  r i g h t  and t h e  shock wave t r a v e l i n g  f r o m  r i g h t  t o  l e f t .  I n  
t h i s  case, t h e  f l o w  c o n d i t i o n s  i n  t h e  t h r o a t  r e g i o n  were s u f f i c i e n t  t o  
c a u s e  v e r y  s t r o n g  r e f r a c t i o n  o f  t h e  wave. The wave had  been d i r e c t e d  
towards  the  l ower  su r face  o f  t he  duc t ,  and f i g u r e  8 ( b )  c l e a r l y  shows b o t h  
t h e  wave i t s e l f  and i t s  r e f l e c t i o n  f r o m  t h e  c o n t r a c t i o n  s u r f a c e .  
From t h e  s e t s  o f  p h o t o g r a p h s  s i m i l a r  t o  t h o s e  i n  f i g u r e s  8 ( a )  and 
8 ( b ) ,  t h e  l o c a t i o n s  o f  t h e  s h o c k  wave a f t e r  v a r y i n g  t i m e  i n t e r v a l s  were 
p l o t t e d  as shown i n  f i g u r e  9. A lso shown a r e  t h e  c o n t o u r s  o f  Mach number, 
wh ich   were   ca lcu la ted   us ing  a p o t e n t i a l  f l o w  a n a l y s i s  ( r e f .  4 ) .  The upper 
diagram o f  f i g u r e  9 shows t h e  f l o w  c o n d i t i o n s  when t h e  mean  Mach number i n  
t h e  t h r o a t  was 0.70  and t h e  Mach number upstream i n  t h e  d u c t  was 0.277. As 
t h e  wave approached the throat ,  i t  r e m a i n e d  e s s e n t i a l l y  v e r t i c a l  b u t  was 
s u b j e c t e d  t o  s t r o n g  r e f r a c t i o n  e f f e c t s  as i t  moved ups t ream.   Th is   resu l ted  
i n  t h e  impingement o f  t h e  wave on t h e  l o w e r  w a l l  o f  t h e  d u c t  and i t s  conse- 
quent  re f lec t ion  back  towards  the  upper  wa l l .  The c e n t e r  d i a g r a m  o f  f i g u r e  
9 shows t h e  b e h a v i o r  o f  t h e  wave when t h e  mean  Mach number i n  t h e  t h r o a t  
was 0.55. Even a t   t h i s   f l o w   c o n d i t i o n ,   r e f r a c t i o n   e f f e c t s   r e m a i n e d   s t r o n g ,  
w i t h  t h e  wave be ing   d i rec ted   sharp ly   towards   the   lower   wa l l .  The lower  
diagram of  f i g u r e  9, however, showed t h a t  when t h e  mean Mach number i n  t h e  
t h r o a t  was 0.40, t h e  e f f e c t s  o f  r e f r a c t i o n  w e r e  o n l y  s l i g h t  and t h e  wave 
d i d  n o t  i n t e r c e p t  t h e  w a l l .  A l s o ,  i t  was n o t  v i s i b l e  i n  t h e  shadow r e g i o n  
o f  t h e  d u c t  u p s t r e a m  o f  t h e  t h r o a t .  
F i g u r e  10 shows t h e  v a r i a t i o n  o f  Mach number a long both the upper  and 
l o w e r  w a l l s  a t  t h e  t h r e e  t e s t  c o n d i t i o n s ,  t o g e t h . e r  w i t h  t h e  v a r i a t i o n  o f  
Mach number ac ross   t he   t h roa t .  These v a r i a t i o n s   w e r e   c a l c u l a t e d   u s i n g   t h e  
p o t e n t i a l  f l o w  a n a l y s i s  ( r e f .  4 ) ,  and  were  confirmed a t  t h o s e  p o s i t i o n s  
where s ta t i c   p ressu re   t aps   were   l oca ted   i n   t he   upper  and l o w e r   w a l l s .  It 
i s  seen t h a t  a t  n o  f l o w  c o n d i t i o n  d i d  t h e  f l o w  l o c a l l y  r e a c h  s o n i c  v e l o c -  
i t y ,  which was a l s o  t h e  c a s e  f o r  t h e  r e m a i n d e r  o f  t h e  c o n f i g u r a t i o n s .  
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R e s u l t s  s i m i l a r  t o  t h o s e  shown i n  f i g u r e s  9 and 1 
each o f   t h e   c o n f i g u r a t i o n s  N1-01 through N1-07. When 
i n  t h e  t h r o a t  was 0.40,  no con f igu ra t i on  caused  any th i  
s l i g h t   r e f r a c t i o n .   F o r   t h e   r e m a i n i n g   t e s t   c o n d i t i o n s ,  
t ion  var ied  depend ing  on  bo th  the  f low ve loc i t ies  and 
0 were  ob ta ined fo r  
t h e  mean  Mach number 
ng  g rea te r  t han  on ly  
t h e  l e v e l  o f  r e f r a c -  
t h e  c o n t o u r ,  b u t  a l l  
c o n f i g u r a t i o n s  showed e i t h e r  s t r o n g  o r  medium r e f r a c t i o n  a t  t h e  h i g h e s t  
f l o w  r a t e .  Comparison o f  t h e  r e s u l t s  from t h e  t w o  g e o m e t r i c a l l y  s i m i l a r  
c o n f i g u r a t i o n s  N1-04 and N1-07 c o n f i r m e d  t h a t  t h e  b e h a v i o r  o f  t h e  waves was 
no t  se r ious l y  a f fec ted  by  the  boundary  l aye r  on t h e  u p p e r  w a l l  o f  c o n f i g u r -  
a t i o n  N1-04. T h i s  was a l so  expec ted  to  be t h e  c a s e  f o r  t h e  r e m a i n d e r  o f  
c o n f i g u r a t i o n s  N1-01 through N1-06.  The r e s u l t s   f o r   c o n f i g u r a t i o n  N1-07 
d i d  show, however, t h a t  t h e  wave was always v i s i b l e  a c r o s s  t h e  c e n t e r  
r e g i o n  o f  t h e  d u c t ,  whereas i n  c o n f i g u r a t i o n  N1-04 t h e  wave was not always 
v i s i b l e  c l o s e  t o  t h e  u p p e r  w a l l  due to  the  presence o f  the  boundary  layer .  
The r e s u l t s  have  been  summarized i n  f i g u r e  11,  which shows reg ions  
a r b i t r a r i l y  d e s i g n a t e d  s t r o n g ,  medium, o r  weak r e f r a c t i o n  on a p l o t  of 
c o n t r a c t i o n   l e n g t h   r a t i o ,  , v e r s u s   c o n t r a c t i o n   r a t i o ,  DR. Whether o r   n o t  
any o f  t h e s e  l e v e l s  o f  r e f r a c t i o n  w o u l d  be s i g n i f i c a n t  i n  an i n l e t  d e s i g n  
wou ld  depend on  the  spec i f i c  app l i ca t ion ,  and consequently it must not be 
assumed t h a t  t h e  r e g i o n  l a b e l e d  weak r e f r a c t i o n  c o u l d  n o t  p r o v i d e  u s e f u l  
LR 
changes i n  t h e ' d i r e c t i o n  o f  wa 
Fo r  the  f i r s t  t ime, then, 
w h i c h  r e l a t e s  t h e  shape o f  t h e  
r e f r a c t i o n .   T h i s   i n f o r m a t i o n  
e propagat ion.  
i n  f i g u r e  11, i n f o r m a t i o n  i s  now a v a i l a b l e  
c o n t r a c t i o n  p r o f i l e  t o  t h e  l e v e l  o f  wave 
s n o t  q u a n t i t a t i v e ,  however, i n  d e s c r i b i n g  
t h e  amount o f  r e f r a c t i o n ,  and i s  r e s t r i c t e d  t o  p r o f i l e s  d e s c r i b e d  by cubic 
curves. It had  been  hoped t o  u s e  t h e  s e t s  o f  r e s u l t s  s i m i l a r  t o  t h o s e  
shown i n  f i g u r e s  9 and  10 t o  r e l a t e  t h e  a n g u l a r  change i n  t h e  d i r e c t i o n  o f  
wave p r o p a g a t i o n  t o  a p a r a m e t e r  d e s c r i b i n g  t h e  g r a d i e n t s  p r e s e n t  i n  t h e  
flow.  Because o f  t h e  c o m p l i c a t e d  v a r i a t i o n  o f  f l o w  p r o p e r t i e s  i n  t h a t  
region,  however, i t  has n o t  p r o v e d  p o s s i b l e  t o  o b t a i n  a parameter  which 
conc ise ly  accounts  fo r  bo th  the  s t reamwise  and t ransverse  f low grad ien ts .  
I f  such a parameter  can be  found,  then the  cur ren t  tes t  resu l ts  cou ld  be  
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The Hartmann w h i s t l e  . a c o u s t i c  g e n e r a t o r  was used t o  examine t h e  mo- 
t i o n s  o f  t r a i n s  o f  a c o u s t i c  waves t o  complement the  da ta  ob ta ined  on  re -  
f r a c t i o n  e f f e c t s  f r o m  o b s e r v a t i o n  o f  t h e  m o t i o n  o f  weak shock waves.  The 
flush-mounted  microphone shown i n  f i g u r e  3 ( a )  l o c a t e d  i n  t h e  w a l l  o f  t h e  
d u c t  50.8 mm f rom the  source  recorded a peak SPL o f  about 168 dB a t  22 kHz, 
a l t h o u g h  b o t h  v a r i e d  ( i n s i g n i f i c a n t l y  f o r  t h e  t e s t  o b j e c t i v e s )  d e p e n d i n g  o n  
t h e  mass f l o w  r a t e  and t u n i n g  o f  t h e  w h i s t l e .  The two  photographs shown i n  
f igures  12(a)  and 12(b)  p rov ide  an  example o f  t h e  r e s u l t s  f o r  t h e  c o n f i g -  
u r a t i o n  N1-04-A when t h e  mean t h r o a t  Mach number was 0.55. F igu re  12 (a )  
c l e a r l y  shows the  near l y  spher i ca l  wave f ron ts  p ropaga t ing  away f rom the  
s o u r c e  w i t h  a wavelength o f  about 7.6 mm ( t h e  s e p a r a t i o n  o f  t h e  d i g i t s  i n  
t h e   p h o t o g r a p h s   a r e   i n   i n c h e s ) .  The wavelength o f  p r o p a g a t i o n  i n  t h e  a x i a l  
d i r e c t i o n  can  be  seen t o  be a minimum  and increases i n  d i r e c t i o n s  more 
o b l i q u e  t o  t h e  f l o w  due t o  t h e  e f f e c t s  o f  t h e  r e l a t i v e  m o t i o n  o f  t h e  waves 
and  the  f low.  The r e f l e c t i o n s  o f  t h e  waves from  both  the  upper  and  lower 
w a l l s  o f  t h e  d u c t  a r e  v i s i b l e  a t  a p p r o x i m a t e l y  5 45" t o  t h e  d u c t  a x i s .  
Second o r d e r  a n d  h i g h e r  r e f l e c t i o n s  a r e  a l s o  p r e s e n t ,  b u t  t h e i r  i d e n t i f i -  
c a t i o n  becomes i n c r e a s i n g l y  d i f f i c u l t .  The complex  nature o f  t h e  wave be- 
h a v i o r  was r e a d i l y  a p p a r e n t  even f o r  t h i s  most simple o f  a c o u s t i c  s o u r c e s .  
F igu re  12 (b )  shows t h e  t e n d e n c y  o f  t h e  p r i n c i p a l  waves t o  be r e f r a c t e d  
t o w a r d  t h e  l o w e r  s u r f a c e  o f  t h e  d u c t  as t h e y  t r a v e r s e d  t h e  t h r o a t  r e g i o n ,  
a b e h a v i o r  t h a t  was a l s o  e x h i b i t e d  by t h e  weak shock wave a t  t h e s e  f l o w  
c o n d i t i o n s .  The increased  wavelength as t h e  waves passed  upstream o f  t h e  
t h r o a t  i n t o  a l o w e r  v e l o c i t y  r e g i o n  was a l s o  o b s e r v e d  i n  f i g u r e  1 2 ( b ) .  
Comparison o f  t h i s  and t h e  a d d i t i o n a l  d a t a  o b t a i n e d  u s i n g  t h e  Hartrnann 
w h i s t l e  w i t h  t h e  s h o c k  wave p h o t o g r a p h s  c o n f i r m e d  t h e  s i m i l a r i t y  i n  t h e  
b e h a v i o r  o f  t h e  a c o u s t i c  waves and t h e  weak shock wave. 
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Figure 12(b). Schlieren  Photographs of High  Frequency  Acoustic Waves in Configuration N1-04-A at f i ~ ~  = 0.55 
Part  2.--For each of t h e  c o n f i g u r a t i o n s  N2-01 through N2-09, s e r i e s  o f  
Sch l i e ren  pho tog raphs  o f  t he  shock  wave l o c a t i o n  a t  v a r y i n g  t i m e  i n t e r v a l s  
were used t o   p l o t  d i a g r a m s  s i m i l a r  t o  t h o s e  shown i n  f i g u r e  1 3  f o r  c o n f i g -  
u r a t i o n  N2-04. Moving  from l e f t  t o  r i g h t  and top  to   bot tom,  these  d iagrams 
show t h e  p a t h  o f  t h e  wave when t h e  Mach number i n  t h e  t h r o a t  was 0, 0.4, 
0.5, 0.6, 0.7, and 0.8, r e s p e c t i v e l y .  Because a l l   t h e s e   c o n f i g u r a t i o n s  
w e r e  s y m m e t r i c a l  a b o u t  t h e  d u c t  c e n t e r l i n e ,  o n l y  h a l f  t h e  d u c t  h e i g h t  i s  
shown. I n  a l l  cases ,   the   f low was f r o m  l e f t  t o  r i g h t  w i t h  t h e  shock wave 
t r a v e l i n g  f r o m  r i g h t  t o  l e f t .  As can  be  seen t o p  l e f t  i n  f i g u r e  13, w i t h  
no f l o w  t h e  wave propagated i n  t h e  d i r e c t i o n  o f  t h e  d u c t  c e n t e r l i n e  and 
r e m a i n e d  e s s e n t i a l l y  v e r t i c a l  t h r o u g h o u t  e x c e p t  a t  i t s  e x t r e m i t y  where some 
c u r v a t u r e  was i n t r o d u c e d   d u e   t o   d i f f r a c t i o n .   W i t h   i n c r e a s i n g  Mach number, 
t h e  wave was r e f r a c t e d  more  and  more away f r o m  t h e  c e n t e r l i n e  u n t i l  i n  t h e  
lower diagram, i t  was r e f r a c t e d  s h a r p l y  enough t o  be impingent on the wal l  
w i t h i n  t h e  v i e w i n g  r a n g e .  To p r o v i d e  a measure o f  t h e  amount o f  r e f r a c t i o n ,  
t h e  a n g u l a r  d e v i a t i o n  f r o m  t h e  c e n t e r l i n e  t o  a l i n e  c o n n e c t i n g  t h e  l o w e r  
e x t r e m i t y  o f  t h e  wave t o  t h e  w a l l  o f  t h e  t h r o a t  has  been  used.  Thus, a t  
t h e  Mach number  0.7 ( r u n  N2-04.7) i n  f i g u r e  13, t h i s   a n g l e  was 35". The 
a n g u l a r  d e v i a t i o n  o f  t h e  wave was a l s o  c a l c u l a t e d  f o r  each of  the conf ig-  
u r a t i o n s  N2-01 through N2-05  and t h e  r e s u l t s  a r e  shown i n  t h e  t a b l e  b e l o w .  
0.25 1 .oo 0.50 
2 .oo X N2-05 X 
a = 500 
1.50 1 N2-01 N2-03 N2-02 
a = 40" a = 15" a = 25" 
1.25 X N2-04 X 
a = 35" 
~~ ~~ ~ 
a = a n g u l a r  d e v i a t i o n  o f  t h e  wave when RTH = 0.70. 
~~ - - - ~~~ 
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Figure 13. Observed Shock Location Thru Configuration N2-04 
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I 
T h i s  shows t h a t  f o r  a g i v e n  c o n t r a c t i o n  r a t i o ,  t h e  amount o f  r e f r a c t i o n  
dec reased   as   t he   l eng th   o f   t he   con t rac t i on   sec t i on   i nc reased .   Th i s   t rend  
was t o  be  expec ted  because  o f .  t he  dec reas ing  wa l l  cu rva tu re  i n  the  th roa t  
reg ion  as  the  con t rac t i on  l eng th  i nc reased  and the consequent  reduct ion i n  
g r a d i e n t s   i n   t h e   f l o w .   F o r   t h e   g i v e n   l e n g t h   r a t i o  0.50, however, t h e  t a b l e  
shows t h a t  r e f r a c t i o n  was g r e a t e s t  when t h e  c o n t r a c t i o n  r a t i o  was e i t h e r  
l a r g e   o r   s m a l l ,   b u t   r e a c h e d  a minimum  somewhere i n  between.  This was 
t h o u g h t  t o  be because t h e  amount o f  r e f r a c t i o n  depended  on bo th  the  t rans -  
verse  gradients   and on t h e  a x i a l  e x t e n t  o f  t h e s e  g r a d i e n t s .  F o r  t h e  t h i n  
c o n f i g u r a t i o n  N2-04, t he  t ransve rse  g rad ien ts  were  l a rge  bu t  were  p resen t  
on l y  ove r  a s h o r t  a x i a l  d i s t a n c e ,  w h e r e a s  f o r  t h e  f a t  c o n f i g u r a t i o n ,  t h e  
t ransve rse  g rad ien ts  were  l ess  bu t  a f fec ted  g rea te r  reg ions  o f  t he  f l ow .  
The cen te rbody  con f igu ra t i ons  N2-06 and N2-07 showed how a centerbody 
could cause the waves t o  p r o p a g a t e  p r i n c i p a l l y  i n  t h e  d i r e c t i o n  o f  t h e  d u c t  
c e n t e r l i n e  and i n  some cases t o  c r o s s  o v e r  t h e  s y m m e t r i c a l  a x i s  o f  t h e  
c o n f i g u r a t i o n s .   T h i s   i s  shown i n   f i g u r e   1 4   f o r   c o n f i g u r a t i o n  N2-07. Con- 
v e r s e l y ,  c o n f i g u r a t i o n s  N2-08 and N2-09 conta ined centerbod ies  wh ich  d id  
n o t  p r e v e n t  t h e  waves from  propagat ing away f r o m  t h e  c e n t e r l i n e .  The r e -  
s u l t s  f r o m  t h e  f o u r  c o n f i g u r a t i o n s  N2-06 through N2-09 prov ided an  example 
o f  how a c e n t e r b o d y  c a n  i n f l u e n c e  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  o f  waves 
l e a v i n g  an i n l e t .   T h i s   i n f l u e n c e   c o u l d  be e i t h e r   b e n e f i c i a l   o r   d e t r i m e n -  
t a l ,  depending on t h e  d e s i g n  o f  t h e  c o n t o u r .  
P a r t  3.--From the  se ts  o f  Sch l ie ren  photographs  fo r  each o f  the  con-  
f i g u r a t i o n s  N3-01 through N3-05, the   d iagrams  o f   f igures   15(a)   th rough 
15(e)  were  obtained. Each diagram shows t h e  l o c a t i o n  o f  t h e  shock wave a t  
v a r y i n g  t i m e  i n t e r v a l s  as i t  passed  from r i g h t  t o  l e f t  t h r o u g h  t h e  t h r o a t  
between t h e   d i v i d e r s  and in to   t he   app roach   f l ow .   F igu re   15 (a )  shows t h a t  
f o r  c o n f i g u r a t i o n  N3-01, a change i n  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  f r o m  t h e  
cen te r l i ne  towards  the  upper  wa l l  was n o t i c e a b l e  f o r  t h r o a t  Mach numbers 
above  0.4. The change i n  p r o p a g a t i o n  d i r e c t i o n  was l e s s  n o t i c e a b l e  f o r  
c o n f i g u r a t i o n  N3-02, as shown i n   f i g u r e   1 5 ( b ) .   R e f r a c t i o n   e f f e c t s  were 
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Figure 14. Observed Shock Location Thru Configuration N2-07 
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Figure 15(a). Observed Shock Location Thru Configuration N3-01 
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Figure 15(b). Observed Shock Location Thru Configuration N3-02 
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Figure 15(c). Observed Shock Location Thru Configuration N3-03. 
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Figure 75(d). Observed Shock Location Thru Configuration N3-04 
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Figure 15(e). Observed Shock Location Thru Configuration N3-05 
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only small i n  configurations N3-04 and N3-05  shown i n  f igures 15(d) and 
15(e),   respectively.  Examples of  the  Schlieren  photographs used t o  con- 
s t ruc t  these diagrams a re  shown i n  f igure 16(a) for configuration N3-01 
when the throat  Mach  number  was 0.62, and i n  figure 16(b) for configuration 
N3-03  when the throat  Mach number was 0.68. 
To form a basis of comparison for  the change i n  d i rect ion of wave 
propagation due to refraction effects,  the angular deviation of the wave- 
f ront  from the center l ine was calculated as shown i n  f igure 15(c)  for  Mach 
number 0.7 (1 ower 1 e f t  diagram). The angles between the center1 ine and a 
l i n e  drawn from the throat  to  the upper and lower extremities of the waves 
were measured. In this  case,  the  angles were +45"  and -15",  respectively. 
The  mean of these gave a direction of propagation o f  the wavefront of 15" 
from the direction of the centerline of the duct. The values  of  the  propa- 
gation direction for each  of configurations N3-01 through N3-05  when the 
throat  Mach  number  was 0.7 a re  shown below. 
Configuration Direction of Wave Propagation 
- 





I t  i s  of  interest  t o  note that for the two configurations which cause 
the greatest  change i n  the direction of propagation, one has a h i g h  con- 
t rac t ion  ra t io ,  DRY and the  other a small contraction  ratio. This suggests 
that  large refract ion effects  can be caused by e i the r  a f a t  l i p  o r  a t h i n  
l i p  i n l e t ,  b u t  t ha t  something i n  between causes  less  refraction. T h i s  
observation supports the results described above for the Part 2 t e s t s  o f  
Phase I .  
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Figure 16(a). 
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Figure 16(b). Shock Wave Location in Configuration N3-03 at MTH = 0.68 
The r e s u l t s  f r o m  c o n f i g u r a t i o n  N3-06 a re  no t  p resen ted  he re ,  bu t  d i d  
show how a c o n f i g u r a t i o n  c o n t a i n i n g  a centerbody can a lso cause large 
changes i n  t h e  d i r e c t i o n  o f  wave propagat ion.  
P a r t  4 . - - E x a m i n a t i o n  o f  t h e  s e t s  o f  S c h l i e r e n  p h o t o g r a p h s  o b t a i n e d  f o r  
c o n f i g u r a t i o n s  N4-01 th rough N4-06 showed t h a t  f o r  each o f  t h e  two contrac- 
t i o n  s e c t i o n s  used, t h e  p r e f e r r e d  v a l u e  o f  t h e  a p p r o a c h  l e n g t h  r a t i o ,  AR, 
was u n i t y .  T h i s  q u a l i t a t i v e  j u d g m e n t  was based  on t h e  e x t e n t  t o  w h i c h  
waves w e r e  r e f l e c t e d  f r o m  t h e  s u r f a c e  o f  t h e  d i v i d e r s  u p s t r e a m  o f  t h e  
t h r o a t .  A p p r o a c h  l e n g t h  r a t i o s  o f  z e r o  w e r e  e n t i r e l y  i n s u f f i c i e n t ,  w h i l e  a 
v a l u e  o f  2.2 would be unnecessar i ly  long. 
" 
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PHASE 11: THE  INFLUENCE  OF  REFRACTION 
ON THE  EFFECTIVENESS OF ACOUSTIC LININGS 
Genera l   Descr ip t ion  
T h i s  phase o f  the  cont rac t  was concerned wi th  a poss ib le  method of i m -  
p r o v i n g  t h e  a t t e n u t a t i o n  c h a r a c t e r i s t i c s  o f  a c o u s t i c  l i n i n g s  b y  r e f r a c t i n g  
t h e  sound  waves p r i o r  t o  t h e i r  e n t r y  i n t o  t h e  l i n e d  s e c t i o n .  The e f f e c t  
has  been exper imenta l ly  examined i n  a duc t  o f  rec tangu la r  c ross -sec t i on  
u s i n g   t h e   d o u b l e   r e v e r b e r a t i o n  chamber f l ow   duc t   t echn ique .  The r e f r a c t i o n  
has  been o b t a i n e d  i n  t h i s  s t u d y  b y  u s e  o f  s u i t a b l y  shaped contours on the 
downs t ream  s ide   o f   t he   l i ned   sec t i on .   On ly   t he   i n le t  mode  was considered 
i n  t h i s  t e s t  program. 
The i n s e r t i o n  l o s s  s p e c t r a  f o r  s i x  l i n i n g s  were  measured w i t h  a u n i -  
f o r m  d u c t  a n d  w i t h  t h r e e  d i f f e r e n t  c o n t o u r s  a t  t h r e e  d i f f e r e n t  f l o w  c o n d i -  
t i o n s .   F i g u r e  17 shows a t y p i c a l   t e s t   c o n f i g u r a t i o n .  
The T e s t   F a c i l  i t y  
The t e s t  was performed on the Boeing-Wichi ta Acoust ic Flow Duct 
f a c i l i t y .  A schematic  diagram o f  t h e  f a c i l i t y  i s  shown i n  f i g u r e  18. 
The two  acous t i c  reve rbe ra t i on  chambers a c t  as p l e n a  f o r  t h e  a i r  f l o w  
t h r o u g h  t h e  t e s t  s e c t i o n  and prov ide a r e l a t i v e l y  u n i f o r m  i n t e r n a l  sound 
f i e l d .  Each  chamber i s  f a b r i c a t e d  from  double-walled 16-mm s t e e l   p l a t e  
w i  t h  a 1 00-mm sand i n n e r  1 i ner.  
The n o i s e  g e n e r a t o r s  c o n s i s t  o f  i m p e n d i n g  a i r  j e t s  and nozzles which 
form a high- level   broad-band  sound  source. 
The p r o c e d u r e  f o r  m e a s u r i n g  t h e  i n s e r t i o n  loss due t o  an a c o u s t i c  
panel i s  descr ibed  below: 






reverberation 0.229 m,0.305 m wide Reverberation 
(to detect separation) 
Contoured liner 
Microphone 1 Microphone L Noise  generat ng
mechanism 
(impinging jets) 
Figure 17. Schematic of the Test Facility for Phase I /  (The Boeing Wichita Flow  Duct) 
A But te r f l y  valves - for mode change 
"- 
Figure 18. Boeing- Wichita Acoustic Flow  Duct  Laboratory 
A base l ine  tes t  i s  performed u s i n g  hardwall  blanking  panels. The 
acoustic sound pressure levels are measured in both the primary and secon- 
dary  reverberation chambers fo r  t he  t e s t  s e r i e s  of  low conditions. The 
difference i n  levels  between the two chambers i s  ca l led  the  t ransmiss ib i l -  
i t y .  The blanks are replaced by acoustic lining panels and the levels i n  
the chambers measured again for the same t e s t  flow conditions. The inser- 
t ion  loss  i s  then  the  difference between the two t ransmiss ib i l i t i es .  Tha t  
i s  , 
I L  = (SPLsecondary - SPLprimary ) hardwall 
- (SPLsecondary - SPLprimary ) softwall 
When measuring the lining insertion loss in the presence of a re f rac t -  
i n g  contour,  the hardwall baseline  also  includes  the  contour. In  t h i s  way, 
the insertion loss obtained corresponds t o  the incremental effect of in- 
sert ing the l ining into a configuration which already has the  contour. The 
insertion loss is  then supplemental t o  any "sonic  inlet"  effects .  
Figure 1 9  shows typical spectra for the primary and secondary rever- 
beration chambers. 
Estimates made a t  the time of in i t ia l  ca l ibra t ion  of the system indi- 
cated t h a t  insertion loss d a t a  should have a 90 percent confidence level of 
being in error  by less  than  - + 1 dB. 
Model Design 
Duct contours.--The contours selected for Phase I1 of t h i s  t e s t  pro- 
gram were based on the  information  obtained  in Phase I ,  Par t  1 .  These 
results are described in the Phase I section of this  report  and summarized 
in figure 11 .  This shows regions  of  relatively weak, medium, or strong 
refraction on a plot  of length ratio of the contraction versus contraction 
r a t io .  For the Phase I1 t e s t ,  one contraction  section was selected to 
generate flow  corresponding t o  each  of these levels of refraction. Conse- 











Frequency in hertz 
Figure 19. Typical SPL's in the  Primary  and Secondary: Reverberation Chambers. 
(Lining L 7, Uniform Section, M = 0.351) 
I 
5 5  
program were geometrically similar t o  the configurations N1-02,  N1-03,  and 
N1-04 from Phase I .  These prof i les  were a l l  cub.ic curves and are  shown i n  
f igure 20 together w i t h  the static pressure tap locations used to  es tab l i sh  
the  required  flow  conditions. Contour C1 was expected t o  cause re la t ive ly  
weak refraction, contour C2 medium refract ion,  and contour C3 strong re- 
f ract ion.  
Acoustic lining materials.--The lining face sheet material selected 
was a  metal f e l t .  This  material  type was chosen  because some of i t s  prop- 
erties  are  helpful  in a t e s t  environment. Metal f e l t s  have a low nonlin- 
ear i ty  fac tor  and consequently the acoustic resistance is quite insensitive 
t o  variation  in  the sound pressure  level. The small charac te r i s t ic  pore 
s ize  has the effect  of making the impedance almost independent of the graz- 
ing  flow  speed. Because  of these  desirable  physical  properties,  the imped- 
ance  of the l iners  pract ical ly  depends only on the  frequency. In t h i s  way, 
comparison between test  conditions with d i f fe ren t  flow and SPL becomes 
possible. 
Table 5 shows the flow resistance and depth for each of the  tes t  
panels. A simple model  was used t o  calculate the impedances  of the  l iners ,  
1 . e . ,  
Z = 1 . 1 R  - i cot ( k d )  
where Z i s  t h e  impedance of the assemb led l iner ,  R i s  the  flow res i stance 
a t  the appropriate particle velocity, k i s  the  wave number, and d is  the 
backing depth. SPL measurements were made at three axial locations along 
the lined section during the tests. The operating particle velocit ies were 
calculated  with  these  spectra  using an i terative technique. As a conse- 
quence of the low nonlinearity of the face sheets, the range of SPL's en- 
countered d u r i n g  the test introduced only a small variation in resistance 
(on the  order of one percent). Tables 6 ,  7 ,  8, and 9 show the  predicted 
impedance properties for l inings L1,  L2, L5, and LS. All impedances have 
been normalized t o  duct conditions. 
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LR = 0.6 
DR = 1.23 
0.229 rn 0.185 rn 
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Contour C1, lower surface static pressure taps (12) at: 





LR = 1.5 
DR = 1.6 
5O 
I/ t 0.086 rn 
+ 1.27 rn 
2 
~~ 
-0.254 rn I 0 
"X 
m 
0.429 rn 0.98 rn 
_J " 
Contour C2, lower surface static pressure taps (12) at: 
x = -0.254.  -0.127, -0 0.127,  0.254,  0.381,  0.429,  0.508,  0.635,  1.02,  1.27 , 1.37 m
Flow 
__c 10.229 m f 0'142 rn 5O 
LR = 0.5 
DR = 1.6 
0.086 rn - t 
I 
- I 
~~~ - x  
-0.254 rn 1.27 rn + m 
2 
0.98 rn 
Contour C3, lower surface static pressure taps (12) at: 
X = -0.254,  -0.127, 0, 051,  0.102,  0.152,  0.170,  0.203,  0.254,  0.635,  1.02,  1.37 rn 
Faired in linear diffuser section a t  throat to form smooth contour (Cl,  C2, & C3) 
Upper surface static pressure taps (10) at: 
x = -0.254,  -0.127, 0  0.064,  0.170,  0.224,  0.429,  0.635,  1.02,  1.37 rn * 0 01rn 
(for all contours C1,  C2 & C3) 
Figure 20. Configuration Contours & Pressure Tap Locations for Phase 11 
of NASA Contract No. NAS 1-14787 
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TABLE 5 
















Standard  Day Flow Resistance 
Intercept cgs Rayls 


































IMPEDANCE  CHARACTERISTICS OF LINING L1 (Mp = 0.0007) 
Impedance  Absor tio   Coefficient 
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TABLE 7 
IMPEDANCE CHARACTERISTICS OF LINING L2 (Mp = 0.0007) 
Frequency Absorption Coefficient Impedance 
~ ~ " . . - " . 
Hz 
0.327 0.292  -4.6 1000  2.38 
0.236  0.209  -5.8 2.38 800 
0.160 0.141  -7.5 2.38 630 
30 O Normal x/  PC R/ PC 
. 
__________I__________I 








- " i ." ".i 
"- i 
~ . .  - 
II__ - 
1600 
0.843  0.782 0.733 1.25 2.38 8000 
0.912 0.855  808 0.60 2.38 6300 
0.935 0.879 0.833  09 2.38 5000 
0.926  0.870 0.823 -0.38 2.38 4000 
0.887  0.828  0.780 -0.88  2.38 31 50 
0.821  0.759 0.709 -1 .41  2.38 2500 
0.732 0.667 0.618  -2.0 2.38 2000 
0.624  0.559 0.512  -2.7 2.38 








IMPEDANCE CHARACTERISTICS OF LINING L5 (Mp = 0.0006) 
~ -~ _I_"~. - - ." - 
Impedance 1 Absorption Coefficient 
R/PC I X/PC I Normal I 30" I 45" I 
L - - "- .. - - ~ - 
2.91 -3.6 1 0.411 
2.91 I -2.75 I 0.509 I 0.558 I 0.627 I 
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TABLE. 9 
IMPEDANCE  CHARACTERISTICS OF LINING L6  (Mp = 0.0012) 
I - 
Frequency Impedance  Absorption'  Coefficie t 
Hz 
-5.9  0.124 1.23  800 
-7.5 0.080  0.091  0.109 1.23 630 




0.91  2  0.898  0.877 0.80 1.23  8000 
0.987 0.989 0.978 0.24 1.23 6300 
0.990 0.992 0.982 -0.20 1.23 5000 
0.946  0.939  0.922 1.23 I -0.60 4000 
0.857 0.807  0.834 I -1.06 1.23 31  50 
0.739 0.665  0.701 -1.56 1.23 2 500 
0.608 0.560  0.522 -2.1  1.23 2 000 
0.475 0.425  0.389 -2.8 1.23  1600 
-3.7  0.268  0.298  0.341 1.23 1250 
-4.7  0.185  0.208  .243 1.23 
10000 1.23 1.65 0.674 0.71 5 
' 
. ~ - . "  
"" 




0.638 I - ~ ." -E - 
62 
Test Conditions 
Each lining-contour combination was tested a t  t h r e e  flow conditions. 
These corresponded closely to  mean flow Mach numbers i n  the throat of 0.40, 
0.55, and 0.70. 
The approach flow conditions a t  which data were taken are shown i n  the 
tab1 e bel ow: 
Contour 
No. 
"" - - 
I o  
Mach  Number Condition 
(Upstream o f  Contraction) 
0.30 0.40 0.50 
0.30 
0.35 0.30 0.23 




Aerodynamic data.--The calculated variation of Mach number, using 
reference 4 ,  along both walls of the duct for each of the contours i s  shown 
i n  f igures  21(a) ,  21 ( b ) ,  and 21 ( c ) ,  when the mean  Mach  number i n  the throat 
was 0.40, 0.55, 0 .70.  Also shown are the measured values of Mach number a t  
the static pressure tap locations determined  using b o t h  the measured s t a t i c  
pressure and the stagnation pressure o f  the flow. The measured flow  condi- 
t i o n s  generally agreed well with the predicted values, although there was 
some discrepancy where the velocity gradients were h i g h  close to the throat 
region. This was due mainly to the influence of the boundary layer i n  
moving the effect ive throat  of  the duct  s l ight ly  downstream from the geo- 
metric throat.  
Acoustic data.--The acoustic data are presented here as insertion loss 
spectra  for each l ined  test   condition.  Figures  22(a) through 22(f)  show 
the measured spectra.  The only  obvious problem w i t h  the data was  an appar- 
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0 0.127 ' 0.254 0.38 1 0.508 =- X (m) 
0 = Upper wall 
X = Lower wall 
Figure 2 1 (a). Mach No. Variation  Along Upper and Lower Walls 










- 0.6 - + 
0 = Upper wall 
X = Lower wall 
Figure 21/bj. Mach No. Variation  Along  Upper  and  Lower Waffs 
and Across the  Throat o f  Configuration C2. 
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0 = Upper wall 
X = Lower wall 
Figure 21 (c). Mach No. Variation  Along Upper and Lower Walls 
and Across the Throat of  Configuration C3. 
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Figure 22(bl Attenuation  Spectra for Lining L2 
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Figure 22fcl Attenuation Spectra  for  Lining L3 
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Fiwre 22(dl Attenuation Spectra for Lining L4 
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Fiwre 22fe) Attenuation spectra for Lining L5 
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Figure 2Z(fl Attenuation Spectra for Lining L6 
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Repeat  runs  were  made  with  contour C3 and  lining L1 to  verify  repeat- 
ability. Figure 23 shows  the  comparison.  Above'l000 Hz, the  difference 
between the  repeats  is  generally  not  greater  than 1 dB. 
As a  check on the presence of noise floors,  a  configuration  was  run 
with 1 ining  on  two  walls (L2 and L4). The measured  attentuation in this 
case peaked at 12.5 dB, indicating  that  there was no serious  noise  floor 
problem  for  measured  attenuations in the 6-8 dB range. 
Some  configurations  were run  with  only  one  acoustic  panel  installed. 
The measured  attenuations  did  not  show  any  systematic  benefit  to  placing 
the panel near  to  the  contour  rather  than in the  farther  position. 
The item of greatest  interest in this  study was  the  change in atten- 
uation of a lining due to  refraction  effects.  Figure 24 shows  this  change 
for  each lining and contour  at M = 0.35. The  results  for  contour C1 were 
obtained by interpolation.  Although  there  was a  wide  scatter  range,  some 
trends  are  quite  evident: 
(1.) All contours  improved  attentuation  at high frequencies.. 
(2) Improvement  sometimes  occurred in the  low  frequency  range. 
( 3 )  There was  generally  least  change in the  mid-frequency  range. 
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Figtire 23. Repeatability Comparison Insertion Loss Spectra for  Contour C3, Lining L 1 
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(1)  Comparison of t h e  b e h a v i o r  o f  weak shock waves w i t h  tha t  of  h igh-  
f requency acoust ic  waves i n  r e f r a c t i n g  f l o w f i e l d s  has shown them t o  Be 
c l o s e l y  s i m i l a r .  
( 2 )  T e s t  r e s u l t s  have  been ob ta ined   wh ich   re la te   t he   compara t i ve  
l e v e l s  o f  wave r e f r a c t i o n  i n  d u c t  f l o w  t o  t h e  shape o f  t h e  d u c t .  These 
data  can  be  used i n  t h e  d e s i g n  o f  r e f r a c t i n g  i n l e t s  w h i c h  d i r e c t  a c o u s t i c  
waves t o  i n t e r c e p t  t h e  d u c t  w a l l  where the i r  ene rgy  can  be absorbed  by 
s u i t a b l e  l i n i n g  m a t e r i a l .  
( 3 )  O b s e r v a t i o n s  o f  t h e  m o t i o n  o f  weak shock waves t r a v e l i n g  u p s t r e a m  
f rom s imu la ted  i n le t  con f i gu ra t i ons  have  shown t h e  r e l a t i o n s h i p  between t h e  
d i r e c t i o n  o f  wave propagat ion  and t h e  shape o f  t h e  p r o f i l e .  The behav io r  
o f  t h e  waves was found t o  be  s t rong ly  dependen t  on  the  cu rva tu re  o f  t he  
w a l l  c l o s e  t o  t h e  t h r o a t  r e g i o n .  
( 4 )  Re f rac t i on   e f fec ts   can  be  used t o  cause waves t o  p r o p a g a t e  i n  a 
f a v o r e d  d i r e c t i o n  away f r o m  t h e  c e n t e r l i n e  o f  s i m u l a t e d  i n l e t  c o n f i g u r a -  
t ions  which  are  nonsymmetr ica l .  Two q u i t e  d i f f e r e n t  t y p e s  o f  c o n t o u r s  
caused  large  changes i n  d i r e c t i v i t y ,  one hav ing  a l a r g e  h i l i t e - t o - t h r o a t  
r a t i o  and t h e   o t h e r  a s m a l l   r a t i o .   I n  a r e a l   i n l e t ,   t h e s e   r e f r a c t i o n  
e f f e c t s  c o u l d  be  used t o  p r o p a g a t e  n o i s e  a b o v e  t h e  i n l e t  and away f rom the  
ground. 
( 5 )  Observa t i ons   o f  wave behavior  have  suggested a p r e f e r r e d   l e n g t h  
f o r  t h e  p o r t i o n  o f  t h e  d u c t  t o w a r d s  w h i c h  a c o u s t i c  waves a r e  d i r e c t e d  i n  a 
r e f r a c t i n g  i n l e t  c o n f i g u r a t i o n .  
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Phase I1 
(1 ) Results  showed  that  refraction  can  be used to  induce  large im- 
provements in acoustic  lining  attenuation,  especially at high frequencies. 
(2) The principal  benefits  should be for  broadband  noise. The effect 





(1) The information  obtained  on  the  influence of refraction  effects 
on the direction of wave  propagation  should  be  incorporated  into  the  design 
of directional  inlets  which  cause  inlet  noise  to  be  radiated  in a  favored 
direction.  These  should  be  tested at model  scale  using a fan  rig  test 
facility  to  determine  the  extent to  which  directivity  pa-tterns  can  be con- 
trol 1 ed. 
(2) If  the model scale  test of the  directional  inlets  demonstrates 
the  potential  useful  application of refraction  effects  to  control  direc- 
tivity,  this  type of inlet  should  be  designed  and  ground  tested at full 
scale  using  a  gas  turbine  engine. 
( 3 )  The information  obtained  both on the  behavior  of  waves in re- 
fracting  flows  and  on  the  influence of refraction  on  acoustic lining 
effectiveness  should  be  applied to the  design of a  refracting  inlet  for 
full  -scale  test. 
(4) Analytic  procedures  should  be  developed  for  the  design of re- 
fracting  contours  and  for  the  attentuation of duct  linings in the  presence 
of refraction. 
(5) A study  should be  initiated  to determine  how  refraction  effects 
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